It has been a frequent observation that many patients with leukemia and multiple myeloma bleed freely through the marrow needle at the time of bone marrow aspiration although hemorrhagic tendencies may not be present clinically. In addition, throbbing bone pain and bone tenderness are not infrequently observed in these patients (1). Such clinical observations suggest that some degree of pressure elevation may be present in the marrow cavity in these diseases. It was believed of interest to determine the pressure relationships within the human marrow cavity under a variety of physiologic stimuli.
It has been a frequent observation that many patients with leukemia and multiple myeloma bleed freely through the marrow needle at the time of bone marrow aspiration although hemorrhagic tendencies may not be present clinically. In addition, throbbing bone pain and bone tenderness are not infrequently observed in these patients (1) . Such clinical observations suggest that some degree of pressure elevation may be present in the marrow cavity in these diseases. It was believed of interest to determine the pressure relationships within the human marrow cavity under a variety of physiologic stimuli.
MATERIALS AND METHODS
The marrow pressures of 14 patients with neoplastic diseases having essentially normal marrows, as determined by microscopic examination, and of 10 patients with leukemia and one patient with multiple myeloma were determined by means of recording strain gauges attached to clinical bone marrow needles. The patients were studied under resting but not basal conditions, without previous sedation. The pressure in both the sternal and iliac crest marrows was measured in most patients, either simultaneously or serially. The sternal site was at the level of the second interspace, and the iliac crest at a site two centimeters posterior to the anterior superior iliac spine. The usual precautions of sterility and local procaine anesthesia of skin and periosteum were employed.
A bonded SR4 wire resistance strain gauge and recording apparatus developed for clinical pressure measurements by Bierman and Jenkins (2) were employed for pressure determinations. The gauge was connected directly to the bone marrow needle after the needle and gauge chamber had been filled with heparin-saline solution. The saline within the manometer was equalized with the ambient pressure, after which the chamber was sealed. The output of the strain gauge was connected to a strain indicator and photographically recorded with a multiple channel recording oscilloscope.
The Turkel-Bethell bone marrow needle employed in these studies had a 14-gauge bore and was equipped with a trephine stylette which made it useful for removing bony spicules which frequently entered the needle during its implantation. After implantation, the needle was filled with heparin-saline solution, care being exercised to exclude air bubbles. It was found necessary to premedicate the patients with 50 to 100 mg. of heparin intravenously shortly before the studies to prevent clotting within the needle in the marrow. Smaller amounts of heparin were used in patients with leukemia, or completely omitted where manifest bleeding tendencies existed.
A modified strain gauge strapped over the lower chest cage was utilized as a pneumotachometer, and a single lead EKG tracing was made in each patient for pulse determinations. The marow pressure, respiratory rate and amplitude, and EKG record were simultaneously recorded photographically.
The marrow pressures were studied with the patients at rest in supine position, during exaggerated respiration, coughing, Valsalva and Mueller maneuvers, changes of body position, and following the injection of epinephrine.
The Valsalva studies were roughly standardized by having the patients blow against a mercury manometer at 40 mm. Hg pressure.
Bone marrow for cytological examination was aspirated from each site studied at the conclusion of the pressure studies. An estimate of cellularity of the smears was attempted in each patient and recorded as normal, decreased, or increased, although it was recognized that this type of estimation may be markedly in error. The time required for the usual study averaged 30 to 45 minutes. Aside from the usual initial discomfort resulting from anesthetization of the skin and periosteum, and implantation of the marrow needle, no pain or discomfort was experienced by the patients during the pressure determinations.
RESULTS
The resting marrow pressures for all patients, with age, sex, diagnosis, hemoglobin level, and blood pressure, are shown in Table I . The patients can be divided upon the basis of the presence or absence of marrow disease. The marrows of the non-leukemic and lymphoma patients did not contain metastatic carcinoma or lymphomatous involvement, as ascertained by microscopic examination, and were of normal cellularity in all patients, except in J. K. where decreased cellularity was found. Most of the leukemic patients had increased cellularity of the marrow (Table I) . 27
A. Non-leukemic marrows having no demonstrable tumor cells
The pressures in the marrows of patients without marrow diseases, including the lymphoma group, were found to be uniformly low. In the sternum the pressures were approximately atmospheric or slightly negative ranging from 2/0 to 17/15 mm. Hg. The sternal pressures frequently were observed to vary with the depth of respirations, while no effect of respirations was observed in the more distal iliac crest site. Figure 1 cluded that the marrow behaves as a semi-closed cavity and that changes in the intramedullary pressure are dependent upon the volume of blood within the marrow cavity. When the venous return is obstructed, the mean pressure of the marrow increases and the pulse pressure decreases, whereas compression of the afferent arterial blood supply, mechanically or by epinephrine vasoconstriction, decreases both the mean and pulse pressures. Kaiser and his co-workers (6) demonstrated a direct correlation between altitude and a fall in marrow pressure in dogs, and experimentally confirmed that the marrow cavity acts as a semi-closed cavity. Data obtained in the present study support the interpretation of Rasgon and Kalser that the marrow cavity physiologically resembles a semi-closed cavity. The result of the Valsalva maneuver is a rise in the systemic venous pressure, thus reducing the venous outflow from the marrow cavity and producing an increase of mean marrow pressure and decreased pulse pressure. Epinephrine decreases the afferent blood flow to the marrow by constricting the nutrient arteriores, and produces a decrease in total pulse pressure in the bone marrow. The human marrow pressures were generally much lower than those found in dogs, possibly due to the effects of ether or barbital anesthesia in the dogs.
This study of respiratory alterations and of body position demonstrates the lability of the human bone marrow pressures as a result of such changes. Sternal pressures were found to be near or below atmospheric pressures in recumbent non-leukemic patients, and to vary with the amplitude of respirations. The more distal iliac sites did not respond to the respiratory effects of forced breathing, but required the more strenous effects of the Valsalva effort or coughing. The higher pressures obtained in the iliac crest are presumably a result of the erect position of man. In the patients, the mean iliac crest pressure rose with the degree of erectness, while the pressures were more variable in the sternum, and in all cases the increases in pressures were much less than in the ilium. The effects of body position and of respiratory alterations on marrow pressures indicate that under conditions of normal activity the intra-medullary pressure varies considerably and is passively affected by changes in the venous pressure resulting from these activities.
The patients with leukemia and multiple myeloma differed from non-leukemic patients in having elevated mean pressures and increased pulse pressures in the marrow cavities. In the patients with acute leukemia where the highest pressures were found, dicrotic notches were present in the pulse waves suggesting a lowered peripheral resistance in the marrow circulation in these patients. The degree of anemia present in these patients could not be correlated with the mean pressures or the pulse pressures in the marrow. These pressure data confirm the increased vascularity in the marrow in some forms of leukemia as has been previously demonstrated by the clearance of I13' from the marrow (7) .
In many patients with multiple myeloma and metastatic bone lesions, distinct bone pain is associated with sudden straining or coughing. It is possible that the sudden elevation of intramedullary pressure shown to result from such effort results in distortion of the arteries and arterioles bearing sensory nerves and thus produce pain. It is also conceivable that long-continued exaggerated intramedullary arterial pulsations, in a manner analogous to the arterial notching of ribs in coarctation of the aorta, may contribute to erosion of the trabeculae frequently observed in leukemic bone marrow.
Practically no information is available regarding the hematopoietic effects of such alterations in marrow pressures as is seen in physiological and pathologic states. Drinker, Drinker, and Lund (8) were unable to dislodge cells from the marrow of dogs by continuous perfusion. Foa (4) however demonstrated that 15 minutes following the vasoconstrictive effect of epinephrine, an increase occurred in the total number and the percentage of immature cells in the venous blood draining the marrow of dogs. Comparable studies in man are lacking, but the factor of abrupt alterations in marrow pressure resulting from normal physiologic activity merits further consideration as a mechanism of blood cell delivery from the marrow in addition to such postulated factors as growth pressure and level of cell maturity (9, 10) . The concept that the marrow tissues are sheltered from external forces in a bony cage where constant en-33 vironmental conditions prevail is not supported by the findings in the present investigation.
SUMMARY
The sternal and iliac crest bone marrow pressures of patients having neoplastic diseases and patients with leukemia were determined by means of recording strain gauges. The responses in marrow pressure were determined under a variety of physiologic stimuli. The human marrow circulation was found to be readily influenced by normal physiological variations of respiration and body position.
The alterations produced in marrow pressures in leukemic and non-leukemic patients were similar. However, markedly elevated pressures were found in leukemic patients. The significance of the findings was discussed in terms of normal and leukemic bone marrow physiology.
